This study aimed to use a newly developed weather and air quality model, WRF-Chem, to simulate and analyze formation of high-concentrated ozone (O 3 ) in the ambient air of southwestern Taiwan before the invasion of tropical typhoons. Two typical typhoons, Nanmadol and Usagi that occurred in 2011 and 2013, respectively, were simulated in this study. The O 3 concentration variation patterns in the ambient air of both offshore and inland parts of southwestern Taiwan were collected and analyzed. The results indicated that the high O 3 concentration observed in southwestern Taiwan before typhoon arrived was mainly caused by the western Pacific subtropical high (WPSH) shrouding it. On the other hand, the latter increase in ambient O 3 concentration about 1 to 2 days before issuing sea warning was mainly due to both contributions of weakening WPSH and intensifying leeward side effects. For both cases, atmospheric subsidence occurred to result in low ambient air quality. The invasion of typhoons made ambient O 3 concentration enhanced up to 2-3-fold compared to its normal concentration in summer. Based on the simulated O 3 concentration variation results in this study, it is demonstrated that the space-fading patterns of O 3 before typhoon arrives also can be used as references for predicting typhoon moving tracks 1.0 to 2.0 days before landfall of typhoons.
Introduction
The deterioration in ambient air quality that resulted from global climate changes has attracted more and more attention [1] [2] [3] . Global warming effect not only contributes to increasing seawater temperature in the western Pacific Ocean in recent years, but also causes increases in both frequencies and intensity of typhoons generated within this area [4] . According to the study by the research group of Kossin [5] , more than 50% increase in the life cycles and intensity of typhoons was observed in the western Pacific Ocean over the past three decades (Table 1) , which was consistent with temperature increases in global atmosphere and seawater. So, other than paying attention to global warming effects, it is also required to concern ambient air quality changes due to increasing number and unpredictability of typhoons [6] .
Southern Taiwan usually has higher air quality in summer than the rest of the year, but the typhoon invasion is high in summer as well. Based on recent investigations, increasing cases of forming low ambient air quality are observed in Southern Taiwan before typhoon invasion [7] , but its formation reason was not clear. The relationships between ambient air quality changes and typhoon invading tracks required more investigation. In fact, the moving tracks of typhoons in the western Pacific Ocean are significantly determined by the position of western Pacific subtropical high (WPSH). WPSH may stretch down to latitude as low as middle Taiwan during summer periods [8, 9] . Therefore, when the WPSH moves away from Taiwan, the typhoons that were generated in the western Pacific Ocean would be guided to move toward Southern Taiwan by following the direction from east-southerly to west-northerly. These typhoons usually pass 2 Advances in Meteorology through the region from middle Taiwan to the Philippines. As shown in Figure 1 , the Taiwan Central Weather Bureau (CWB) has concluded two major moving tracks, namely, as the fourth and fifth pathways, for these kinds of typhoons. They may directly invade Southern Taiwan from its eastsouth corner or pass through Taiwan with the Bashi Channel. However, it is usually unable to precisely predict their moving tracks when they approach this region, because of complex geological characteristics, particularly due to high mountains in Taiwan. It would be much helpful to conduct damage prevention plans if the moving tracks of typhoons can be predicted more precisely. This study focused on air quality changes in the ambient air of offshore and inland parts of Southern Taiwan in summer while typhoons were approaching. Ozone (O 3 ), one of the most concerned air pollutants found in the ambient air of Southern Taiwan, was selected as a target air pollutant for analysis. It is because that long period of exposure of highconcentrated O 3 can cause adverse effects on human health, including cough, chest pain, throat irritation, and congestion. O 3 can also exacerbate bronchitis, emphysema, and asthma and reduce lung function and inflame the linings of the lungs [10] [11] [12] . Even at a low concentration, repeated exposure to O 3 may permanently scar lung tissue. In fact, many cases of high-concentrated O 3 have been observed in the ambient air of Southern Taiwan before typhoon invasions [13, 14] .
According to the observations by the Taiwan Environmental Protection Administration, O 3 concentration would rapidly increase in the ambient air of Southern Taiwan while typhoons were approximately 1,000∼2,000 km from Taiwan, which was about 1∼2 days before issuing sea warnings for typhoons. Poor dispersion of air pollutants in the atmosphere has been proposed as an important reason for forming air quality, but more precisely intrinsic mechanisms were not clarified. This study tried to use simulation results by WRFChem model to clarify the mechanism.
Ambient air pollutant concentrations are determined by several factors including emission and transformation/transportation of air pollutants in the atmosphere. Both numerical metrological simulation and air quality modeling are two commonly used tools for analyzing formation mechanisms of air pollutants in the ambient air, if both of them can corporate smoothly [15] [16] [17] [18] [19] [20] . Recently, a newly proposed weather forecasting and air quality model system, the weather research and forecasting model with chemical reactions (WRF-Chem), has been demonstrated to effectively simulate and analyze reactive air pollutant concentrations in the ambient air [21] [22] [23] [24] [25] [26] . WRF-Chem, which provides environments for conveniently and accurately calculating both air stream flows and air pollutant concentrations [27, 28] , was developed by the U.S. government and some academic groups. Accordingly, this study aims to explore the relationships between tropical typhoon moving tracks and ambient air quality in Southern Taiwan, where approaching typhoons usually result in low air quality before their arrival. In the study, two typical typhoon invading cases, Nanmadol (August 24∼30, 2011) and Usagi (September 16∼22, 2013), were simulated and analyzed by the WRF-Chem model. An analysis was conducted by focusing on O 3 concentration variations before both typhoons arrive. The formation mechanisms of high-concentration O 3 in the ambient air were discussed. The results obtained in this study can be used to interpret intrinsic mechanisms for causing high ozone concentrations before arrival of typhoons. Besides, the fading patterns of O 3 concentration are expected to serve as references for predicting the invading tracks of typhoons.
Material and Methods

WRF-Chem Model Operation and Domain Setting.
In this study, a newly proposed weather research and forecasting model involving chemistry reactions (WRF-Chem, V3.1) was used to simulate O 3 concentrations in the ambient air of Southern Taiwan. By improving nonhydrostatic air flow calculation with providing various choices for physical parameterizations, WRF produces more friendly environments for massively parallel computation than previous related models [24, 27] . WRF-Chem can use the information including emission, transport, mixing, and chemical transformation of air pollutants and wind-fields from WRF modeling for simulating reactive air pollutant concentrations in the ambient air.
For modeling the O 3 concentration before the invasion of both typhoons Nanmadol and Usagi in this study, the WRFChem model was conducted from 00:00 CST of August 24 to 23:00 CST of August 30, 2011 , and from 00:00 CST of September 16 to 23:00 CST of September 22, 2013, respectively. Their beginning 48-hour periods were used as preintegration stages. Four nesting domains defined by Lambert projection, as shown and summarized in Figure 2 and Table 2 
Air Pollutant Emission Inventories and Air Quality Data.
This study investigated the ambient air quality of Southern Taiwan involving both Kaohsiung City and Pingtung County. In fact, Kaohsiung metropolitan has the largest population in Southern Taiwan, but it also has the largest heavy industrial activities in Taiwan. For O 3 concentration modeling, the air pollutant emission inventory data, referred to as TEDS V7.1 issued by national emission inventories of the Taiwan Emission Data System, was used. This inventory included all of the potential pollution sources in Taiwan, which included fixed, mobile, point, face, line, and natural sources [27, 29] . Hourly O 3 concentrations reported by the air quality monitoring stations located in Southern Taiwan were used to verify the simulated results.
As shown in Figure 2 , Taiwan Environmental Protection Agency (EPA) has established many air quality monitoring stations in West-Southern Taiwan. They include one background ambient air quality station in Qiaotou (B-1), one industry ambient air quality station in Qianzhen (O-3), two traffic air quality stations in Fengshan (B-4) and Fuxing (B-6), and eight general ambient air quality stations in Meinong (M-1), Nanzi (B-2), Renwu (B-3), Zuoying (O-1), Qianjin (O-2), Xiaogang (O-4), Dailao (B-5), and Linyuan (O-5). Besides, the Pingtung monitoring station (M-2) and the Chaozhou (M-3) monitoring station are located near Kaohsiung City [29] . Among these air quality monitoring stations, the M-1 station, approximately 300∼600 m above sea level, is situated in the northeast side of Kaohsiung City and faces Meinong Mountain that belongs to the southern extension of the Yushan Mountain range.
As shown in Table 3 , the above-mentioned air quality monitoring stations were divided into four groups based on their locations, because not only can sea-land breeze effects usually affect the regions within a 10∼20 km distance from the ocean [28, 30] , but also leeward side effects will be more obvious while strong breeze blows toward the other side of high mountains. The air quality monitoring stations located west of 120.24 ∘ E, including O-1∼O-5, were classified as the "ocean group" stations. Monitoring stations located east of 120.30 ∘ E, including M-1∼M-3, were classified as the "mountain group" stations because they are near the major mountains located at east side of Southern Taiwan. The height of these mountains can reach as high as 3000 m. The third group, the rest of the stations including B-1∼ B-6, are located between 120.24 ∘ E and 120.30 ∘ E. The O 3 concentrations measured by these monitoring stations were compared to the simulated O 3 concentrations from WRFChem. In addition, the Magong station (OS-1), the fourth group, was selected as a reference air quality station since it was located on a small-flat island in the Taiwan Strait. Figure 3 depicts O 3 concentration profiles for four air quality monitoring stations (OS-1, O-4, B-5, and M-3) between 96 hours before and 24 hours after issuing sea warnings for both typhoons Nanmadol (red line) and Usagi (blue line). Generally, sea warnings of typhoon are issued 1.0∼2.0 days before landing of typhoons. As shown in both Tables 3 and  4 , it was observed that O 3 concentration could reach as high as 140 ppb during the investigated period, which was about 2∼3-fold higher than normal O 3 in summer periods. Similar O 3 concentration variation patterns were observed for both cases. The observations also indicated that the O 3 concentration periodically reached its daily peak at noon, which was because that O 3 was one of the important photochemical reaction products by reacting NO with volatile organic compounds under illumination of solar light. O 3 commonly exhibits a peak concentration under strong solar radiation at noon.
Results
O 3 Concentration Variation Profiles in the Ambient Air of Southwestern Taiwan before Typhoon Arrives.
Besides, for these cases, it was found that O 3 concentrations at about 4 days before issuing sea warning were a little bit higher than its normal concentration in summer. The average peak O 3 concentrations in the ambient air of Southern Taiwan during summer were about 35∼45 ppb. As a matter of fact, in addition to being as a photochemical reaction product, ambient O 3 concentration also can be substantially affected by dispersion conditions in the nearground atmosphere. The presence of high air pollutant concentrations often correlates with low atmospheric dispersion. Particularly during summer, low atmospheric dispersion in the near-ground atmosphere is often observed in eastern Asia while shrouded by the WPSH. In this study, for the period about 4 days before issuing sea warning as shown in Figure 3 , the WPSH system shrouded most of eastern Asia including the Taiwan Strait and southwestern Taiwan (Figures 4 and 5) . Consequently, the O 3 concentration maintained a relatively high level during the initial period. For these two cases examined here, the highest O 3 concentration congruously occurred in the afternoon 1.0∼2.0 days before the issuing of sea warnings for both typhoons. This was attributable to the decreasing wind speeds observed in southwestern Taiwan and the intensified wind speeds observed in the Taiwan Strait when the WPSH system decreased in strength and the typhoons moved into Southern Taiwan. The former effect resulted in increasing ambient O 3 concentration in southwestern Taiwan, and the latter effect resulted in decreased O 3 concentration in the ambient air of the Taiwan Strait. The low air quality occurring in southwestern Taiwan was attributed to the forming of atmospheric subsidence in southwestern Taiwan. The atmospheric subsidence resulted from the formation of leeward side effects in southwestern Taiwan when outer-region circulations of the typhoon made contact with the high mountains located on the east side of southwestern Taiwan. Because of the approaching typhoon, on the other hand, the mechanical mixing mechanisms in the atmosphere of the Taiwan Strait were intensified, causing low O 3 concentration in the ambient air.
Advances in Meteorology 5
Furthermore, Figure 6 compares the variation profiles of monitored and modeled O 3 concentrations for the four represented air quality monitoring stations. The simulated O 3 concentration was achieved from the WRF-Chem modeling. Highly correlated relationships were found between simulated and observed results. Their correlation coefficients were higher than 0.8 (see Figure 7) . The simulated results were mostly consistent with the observed O 3 concentrations, but the simulated results may underestimate the observed peak O 3 concentrations in some cases. In terms of the O 3 concentration variation patterns shown in Figure 6 , the O 3 concentration of the offshore station (OS-1) faded fast as the approach of both typhoons, indicating the leeside effect for OS-1 station was not as strong as inland stations. For the Nanmadol case, since the moving track for Nanmadol was more northern than Usagi, typhoon Nanmadol reduced its strength after landing in Taiwan. The weather conditions around OS-1 station backed to usual summer weather conditions quickly. But for the Usagi case, Usagi did not really land in Taiwan; its strength did not reduce too much while passing the Bashi Channel. So, the nearground wind speeds for OS-1 increased while typhoons were approaching and O 3 concentration decreased fast.
On the other hand, for O-4, B-5, and M-3, forming high O 3 concentrations within inland areas was because that O 3 progressively increased its concentration as typhoons approached. Among the proposed inland air quality monitoring stations, O-4 had the highest O 3 concentration, which occurred approximately 1∼1.5 days before the issuing of typhoon sea warnings. Similarly, the highest O 3 concentrations for B-5 and M-3 took place approximately 1.0 day before the issuing of typhoon sea warnings. M-3 belongs to the mountain group air quality monitoring stations and B-5 is located between the ocean and mountain group stations.
All of these mentioned results indicated the accumulation of O 3 in the region due to the occurrence of strong leeward side effects in southwestern Taiwan while the typhoons approached from the other side of the mountains. The O 3 concentration increased to a high level when the typhoons were approaching but decreased when the typhoons were sufficiently close to Taiwan to significantly enhance surface wind speeds. As shown in Tables 3 and 4 , the atmospheric subsidence resulted in O 3 concentrations reaching up to 2∼3-fold higher than the normal concentration. Figure 8 depicts the skew-temperature diagrams of two air quality monitoring stations, OS-1 and O-1, in the afternoon of August 26 and 27, 2011, which was approximately 1∼2 days before issuing the sea warning for typhoon Nanmadol. The OS-1 station was established on a small, flat island in the Taiwan Strait, the weather of which represents the synoptic-scale weather of Taiwan. However, the O-1 station is located in the inland area of southwestern Taiwan. Because of the complicated geological characteristics of Taiwan, the microweather around the inland air quality stations may differ from the synoptic-scale weather of Taiwan. For instance, atmospheric subsidence that typically forms in western Taiwan resulted from leeward side effects while strong eastern air streams are blocked by the high mountains located in Eastern Taiwan (Figures 1 and 4) . Based on the skew-temperature diagrams of OS-1 (Figure 8 ), in the afternoon of August 26 and 27 particularly, the weather was cloudless with prevailing eastern or northeastern breezes in the atmosphere above 500 hpa, which was a typical WPSH weather pattern. One of the most concerned for WPSH during summer periods is to cause low ambient air quality within its shrouding area [31] . In this study, atmospheric subsidence in the middle and high level atmosphere was observed. Therefore, in this study, the low air quality observed in the Southern Taiwan Strait about 4 days before typhoons arrive was mainly caused by the WPSH weather system shrouding this area ( Figure 5 ). Poor atmospheric dispersion occurred in the ambient air, which was consistent with the observations of high O 3 concentration during the same period as shown in Figure 3 . Moreover, based on the skew-temperature diagrams of O-1, the temperature inversion above southwestern Taiwan was not as significant as that shown in OS-1, but atmospheric subsidence formed as well, which was because the WPSH system above southwestern Taiwan was not strong and typhoon Nanmadol began to move into Taiwan. Prevailing eastern or northeastern breezes blew toward Taiwan in the atmosphere above 900 hpa above O-1. The atmospheric humidity was low. Therefore, during this particular period (August 26 and 27), the near-ground atmospheric structures in southwestern Taiwan (<200 hpa) were stable and dispersion of air pollutants in the ambient air was limited. The outer-region circulation of typhoon Nanmadol made contact with the high mountains located in Eastern Taiwan, causing atmospheric subsidence that occurred in the atmosphere above southwestern Taiwan. Therefore, during the later period before arrival of typhoon Nanmadol, the synergetic effects of weakening of the WPSH and intensifying of the leeward side effects resulted in stable atmospheric conditions but low ambient air quality in southwestern Taiwan (see Figure 3) .
Weather Systems in Southern Taiwan before Typhoon Invasions
Typhoon Nanmadol Invasion Case in 2011.
Typhoon Usagi Invasion Case in 2013.
The invasion of typhoon Usagi essentially had similar metrological patterns as the invasion of typhoon Nanmadol. But, there were still some differences in WPSH strength between them. The WPSH system in the Usagi case was stronger than that in the Nanmadol case ( Figure 5 ). Instead of directly landing in Taiwan, the center of Typhoon Usagi passed Taiwan through the Bashi Channel (Figures 1 and 4) . However, the outerregion circulations of Usagi still made contact with the high mountains of Southern Taiwan. Atmospheric subsidence also occurred in southwestern Taiwan, and low ambient air quality was shown in southwestern Taiwan. Figure 9 depicts the skew-temperature diagrams for OS-1 and O-1 in the afternoon of September 18 and 19, 2013, which was 2∼3 days before typhoon Usagi arrived in Taiwan. As discussed earlier in this paper, the weather system of Magong (OS-1) can represent the synoptic-scale weather system around Taiwan, and the inland microweather system for southwestern Taiwan can be affected by the leeward side effects. Before Usagi approached Taiwan, the air humidity in the atmosphere at both middle and high levels was low. The atmosphere was stable. Because of the WPSH system shrouding Southern Taiwan ( Figure 5 ), a temperature inversion layer formed in the atmosphere below 500 hpa. Prevailing northeastern or northwestern winds were observed in the atmosphere above 500 hpa and prevailing eastern winds were observed in the atmosphere between 300 and 500 hpa. Atmospheric subsidence occurred in the ambient air of southwestern Taiwan. Stable weather covered both offshore and inland areas of Taiwan. This kind of stable weather system and the lack of vertical mixing mechanisms provided a favorable environment for the photochemical formation of O 3 , but the environment was unfavorable for O 3 to disperse in the ambient air. Air pollutants in such low humidity and weak convection environments tend to accumulate in the atmosphere below 500 hpa. Low air quality was observed in the ambient air of Southern Taiwan before Usagi really arrived in Taiwan. Figure 10 illustrates the simulated O 3 concentration contours in the ambient air of southwestern Taiwan before both invasions of typhoons Nanmadol and Usagi. The major weather systems for both typhoons were affected by the WPSH during the periods of 3∼4 days before issuing sea warning, but the WPSH system for the Usagi case was stronger than that for Nanmadol case. Instead of directly landing in Taiwan, which was the course of Typhoon Nanmadol, typhoon Usagi moved through the Bashi Channel, and its center did not really land in Taiwan. Moreover, the formation of atmospheric subsidence in southwestern Taiwan was observed in both cases when the WPSH system withdrew from Taiwan, and the typhoons invaded Taiwan. The atmospheric subsidence resulted in the accumulation of O 3 in the ambient air. As mentioned in this paper, the low air quality observed about 4 days before issuing sea warning, as shown in Figure 3 , was mainly caused by the WPSH weather system shrouding southwestern Taiwan to form a minor atmospheric subsidence. The low air quality for the later period of about 1∼2 days before issuing sea warning was mainly caused by the synergetic effects of the weakening of the WPSH and intensifying of the leeward side effects. More substantial atmospheric subsidence was found approximately 2.0∼3.0 days before the real landing of the typhoons. Therefore, in both cases, low ambient air quality occurred when the typhoons approached Taiwan. Typhoon invasions could result in O 3 concentrations up to 2∼3 times higher than the normal concentration. However, differences in the O 3 concentration fading patterns were found in both cases. As shown on the lefthand side of Figure 10 , the results indicated a variation of O 3 contours in the Nanmadol case. The O 3 concentration was observed to fade from southeast to northwest, which was consistent with the movement of the WPSH. Typhoon Nanmadol followed the fourth pathway. In other words, Nanmadol entered Taiwan from its southeastern corner and moved from southeast to northwest. The movement of this typhoon was consistent with the O 3 concentration fading patterns. The peak O 3 concentration shifted from southeast to northwest. Alternatively, for the typhoon Usagi case, the course of typhoon Usagi, from east to west, was consistent with the O 3 concentration fading patterns, which is shown on the right-hand side of Figure 10 . The peak O 3 concentration shifted from east to west. The intrinsic mechanism for determining the moving tracks of typhoons is determined by the moving directions of WPSH systems, which also attract the occurrence of peak ozone concentration. the position and strength of the WPSH and typhoon movement. In the past, precisely predicting the positions and paths of typhoon invading was difficult. In this study, we found that typhoons did not directly land in Southern Taiwan when the WPSH was strong. When the WPSH decreased in strength and began to move away from Southern Taiwan and the typhoons approached Taiwan, the concentration of O 3 progressively increased in the ambient air and reached the highest concentration approximately 1.0∼2.0 days before the typhoons arrive. This progressive accumulation of O 3 concentration in the ambient air of southwestern Taiwan indicated the invasion of typhoons because southwestern Taiwan is located on the leeward side of the typhoons. We summarized the correlations among O 3 concentrations measured by different inland air quality monitoring stations as shown in Tables 5 and 6 for typhoons Nanmadol and Usagi, respectively, which indicated high correlations among the inland air quality monitoring stations but poor correlation between offshore station (OS-1) and inland stations. Table 5 is correlation coefficient arrays of each station's ozone concentration in 2011. Before describing the intensity of correlation coefficient, the value should be significant. Once the value is below 0.05, it means each station's O 3 correlation. In other words, further discussion of the intensity of correlation coefficient is meaningful if the value is below 0.05. The O 3 correlation coefficient of each station in 2011 had significant level, which showed the existence of mutual relation.
Discussion
Formation Mechanisms of Highly Concentrated O 3 and Its Fading Pattern during the Course of Typhoon Movement.
Application of the O 3 Concentration Time-Increasing and Space-Fading Patterns as References for Predicting Typhoon
In addition, Table 6 in 2013 is 0.27 (excluding the insignificant relation between OS-1 and M-3). Therefore, the correlation coefficient in 2011 is higher than that in 2013, which shows the path method in 2011 has significant relation regarding the correlation with ozone concentration. All of these results indicated that the air quality for these inland monitoring stations was dominantly affected by the same metrological conditions where leeside effects were strong. But, as shown in both Figures 6 and 10 , the highest O 3 concentration for the M-group station occurred a little bit earlier than the B-groups stations and O-group. It looks like an "O 3 peak center" moves from east to west, just as the movement of both typhoons. Furthermore, upon examining the variation pattern of the O 3 concentration contours, the O 3 concentration was found to follow the typhoon course. For instance, typhoon Nanmadol moved from southeast to northwest. The O 3 concentration also faded in the same direction. Similarly, typhoon Usagi moved from east to west, and the O 3 concentration faded in the same direction. Therefore, O 3 spacefading patterns can be used as references to predict typhoon movement. Particularly, the O 3 concentration variation patterns can be observed approximately 1.5∼2.0 days before typhoons arrive. This indicates that this type of variation pattern of O 3 concentration, including its concentration change and fading pattern, can be applied as references for predicting the moving tracks of typhoons approximately 1.5∼ 2.0 days before typhoon really lands.
Conclusion
This study investigated the phenomena of forming highconcentrated O 3 in the ambient air of southwestern Taiwan before arrival of both typhoons Nanmadol and Usagi which occurred in summer of 2011 and 2013, respectively. The relationships between tropical typhoon moving tracks and ambient air quality changes were modeled and analyzed with WRF-Chem. The results obtained in this study demonstrated the forming of high O 3 concentration in the ambient air about 1.0∼2.0 days before issuing sea warnings for both typhoons, which was about 2.0∼3.0 days before real invading of typhoons. The approaching of typhoons caused the formation of atmospheric subsidence in southwestern Taiwan, resulting in O 3 concentrations peaking as high as 140 ppb which was 2∼3 times higher than the normal concentration. The results also demonstrated that WPSH systems could deteriorate ambient air quality in summer, and the approaching of typhoons intensified the leeward side effects in the southwestern Taiwan to reduce vertical dispersion of air pollutants, causing high-concentration O 3 forming in the ambient air. Finally, based on the simulated O 3 concentration variation patterns, this study proposed that the space-fading patterns of O 3 before typhoon arrives could be used as references for predicting typhoon moving tracks 2.0 to 3.0 days before typhoons really arrive.
